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Abstract 
Fluorine-doped tin oxide (F-SnO2) nanoparticles were prepared via the “benzyl alcohol route” assisted by microwave radiation. 
The samples were characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD) and impedance 
spectroscopy. The synthesized F-SnO2 nanoparticles showed a high degree of crystallinity and rather uniform size and shape. 
They were used as sensing layer in resistive sensors and their sensing properties towards H2 were tested. The developed sensor 
showed high sensitivity upon exposure to H2 gas, in the concentration range 0 – 4 % in air, and extremely fast response and 
recovery time. 
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1. Introduction 
In recent years, research efforts for clean energies have been moving at extraordinary speed. The use of abundant 
and efficient fuels with negligible emissions is a direct consequence. Hydrogen (H2) as a fuel perfectly addresses all 
the aforementioned requirements. Indeed, this gas is easily synthesized and when combustion takes place the only 
produced byproduct is water vapor. Therefore, it could be a suitable fuel for energy production and storage. It is 
moreover the main combustible for fuel cells technology. However, the main drawback related to H2 use is due to its 
high volatility associated with a lower explosive limit of 4 % in air. Hence, massive hydrogen fuel use requires an 
effective safe control system based on highly sensitive and fast H2 sensors [1].   
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A wide number of sensors for H2 detection have been reported in the literature, differing in operating principles, 
characteristic and performance parameters such as measuring range, sensitivity, selectivity and response time [2], 
most of them are semiconductor sensors [3]. Tin oxide (SnO2) is the most used n-type semiconductor in gas sensing 
device because it is capable to detect many different combustible gases like CH4, C2H5OH, CO, H2 and so on. 
During the past few years, H2 sensors based on pure or doped tin oxides have been studied extensively. Noble metal 
catalyst additives such as Pt or Pd increase the response and decrease the operating temperature of the device [4,5]. 
An interesting alternative is to avoid the use of expensive noble metals and relies on the use of F-doped SnO2 as H2 
sensors, as recently reported [6, 7]. 
In this work, pure SnO2 and F-doped SnO2 nanoparticles were prepared via the “benzyl alcohol route” assisted by 
microwave radiation. The synthetized materials were used to fabricate the sensitive layer of simple resistive sensor. 
Their sensing properties towards hydrogen monitoring were tested.   
 
2. Experimental 
2.1. Material synthesis and characterization  
Pure SnO2 and F-doped SnO2 nanoparticles with different F-loading were prepared via the “benzyl alcohol route” 
assisted by microwave (cf. Table 1). For pure SnO2 sample S0, 2 mmol of tin (IV) tetrachloride (SnCl4 Aldrich, 
99.999 %) and 8ml benzyl alcohol (Aldrich, ACS reagent) were mixed in a pyrex vial.  
 
For F-doped samples S1 and S2, the same procedure was adopted adding to the mixture 10 and 40% in weight of  
sodium fluoride (NaF, Aldrich 99.5%) as doping agent. The vial was sealed with a Teflon cap and inserted in a 
CEM Discover SP microwave and processed at 185 °C for 10 min. The resulting precipitates were centrifuged and 
washed three times with methanol. The powders were subsequently dried in air at 60 °C and used for further 
characterization. 
 For transmission electron microscopy (TEM) measurements, one or two drops of the solution of the 
nanoparticles in methanol were deposited on a copper grid coated with an amorphous carbon film. A Philips CM200 
microscope operated at 200 kV was used.  
XRD analysis has been conducted on a Siefert Diffractometer with a copper anode source operating at 40 kV and 
40 mA in the range 20-90° 2θ with a step size of 0.2°. The average crystalline size of the crystallites was evaluated 
using Scherrer’s formula, d = K λ/βcosθ, where d is the mean crystalline size, K is a grain shape dependent constant 
(0.9), λ is the wavelength of the incident beam, θ is the Bragg reflection angle, and β is the full width at half 
maximum of the main diffraction peak. 
Electrical tests were carried out by impedance spectroscopy at room temperature (RT). 
2.2. Sensing tests 
Sensor devices were fabricated mixing SnO2 or F-SnO2 nanoparticles with water to obtain a paste and then 
printing it on alumina substrates (3 mm × 6 mm) supplied with interdigitated Pt electrodes and heating elements. 
Measurements were performed in the four points mode by means of an Agilent 34970A multimeter. A dual-channel 
power supplier instrument Agilent E3632A was employed to bias the built-in heater of the sensor to perform 
measurements at various temperatures. The gas response is defined as the ratio S = R0/R, where R0 represents the 
electrical resistance of the sensor in dry air and R the electrical resistance at different H2 concentrations.  
3. Results  
3.1. Characterization  
Fig. 1a shows a representative TEM image of sample S1. It is formed by well dispersed nanoparticles with 
homogeneous shape and size of 3.3 nm, as determined by the Scherrer equation (cf. Table 1). Fig 1b shows the 
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corresponding XRD pattern. All peaks match perfectly the SnO2 cassiterite structure (JCPDS 41-1445). No other 
additional peaks are observed, which is an evidence of substitution with F atoms. The reason could be ascribed to 
the similar ionic radius of F− (1.33 Å) to the one of O2− (1.32 Å), so the doping process can take place easily [8].  
 
 
Fig. 1 (a) TEM and (b) XRD pattern of sample S1.  
Electrical characterization showed that all samples presented very low electrical conductivity at RT. This 
behaviour may be ascribed to very small particle size [9]. In pure SnO2, the negative free carriers are supplied by the 
oxygen vacancies; therefore the conductivity is function of the oxygen defect in SnO2 grains. The increase of 
resistivity for sample S1 may be attributed to an increase in free carriers concentration due to the substantial 
incorporation of F− ions at O2− anion sites [8]. Moreover, the presence of fluorine is reflected into an increase of 
particle size (cf. Table 1), and a possible reduction of quantum confinement effect and an increase of the 
conductivity may also take place. At higher F-doping concentration (sample S2), the conductivity decreases again. 
This can be due to the fact that at higher concentration, fluorine atoms incorporates at the interstitial sites and crystal 
structure of the films start to deteriorate, decreasing both the mobility of the free electrons and relative electrical 
conductivity [10].  
     Table 1. Samples parameters. 
Sample Composition Conductivity at RT (S/cm) Particle size (nm)a 
S0 SnO2 7.8x10-4 1.8 
S1 F:SnO2  (10% NaF) 9.74x10
-4 3.3 
S2 F:SnO2 (40% NaF) 3.11x10
-5 3.8 
a Size determined using the Scherrer equation for the (110) reflection.  
3.2 Sensing test 
First, the gas sensing properties of the fabricated sensors were investigated at various operating temperatures. 
Preliminary sensing tests showed that the response towards H2 increased with decreasing operating temperature, in 
the range of 300-400 °C. Unfortunately, it was not possible to perform tests to lower temperature because of the 
high resistance of the samples. For the same reason, it was possible to test the undoped SnO2 sample, taken as a 
reference, only at the temperature of 400 °C, whereas the sample S2 showed on overflow signal. 
Fig. 2a shows the calibration curves obtained for both pristine SnO2 (S0) and F-SnO2 samples (S1) in the range 0-
2% H2 in air, at two different temperatures. The response evaluated at 400 °C was higher for the undoped SnO2. 
However, fluorine doping permitted to work at lower temperature (300 °C) where a higher sensitivity was 
registered. 
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Fig. 2b shows the dynamic response to different H2 pulses in the concentration range 0.25-2% obtained for the 
sample S1 at the temperature of 300 °C. The sensor responded with a fast and large decrease of the film resistance 
when it was exposed to H2. In addition, it recovered the baseline signal when pure air was again introduced into test 
chamber. Fig. 2c shows a particular of transient response of about 4 seconds to reach the stabilization value of 
resistance in presence of H2. The recovery time was longer, nevertheless not exceeding 5 minutes to reach the 90% 
of baseline signal. The large specific surface and high reactivity due to very small particle size may contribute to the 
high sensitivity and extremely fast response time. 
 
 
Fig. 2 (a) Response to different concentrations of H2 for samples S0 and S1, respectively; (b, c) dynamic response of sample S1.  
More tests are programmed in order to investigate the hydrogen sensing mechanism. It can be hypothesized that 
the high sensitivity of F-SnO2 nanoparticles for hydrogen may be due to the great adsorption of hydrogen molecules 
on the favorable sites at fluorine atoms [7].  
4. Conclusions  
F-doped SnO2 nanoparticles, prepared via the “benzyl alcohol route” at different F content, were used to fabricate 
resistive hydrogen sensor devices. The F-SnO2 based sensors showed high sensitivity upon exposure to H2 gas, in 
the concentration range 0 – 4% in air, with an extremely fast response and short recovery time. The promising 
sensing characteristics were attributed to the presence of F in the cassiterite structure and to the small grain size.  
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